ABSTRACT In this paper, we consider a full duplex (FD) MIMO multi-cell system, where each FD base station (BS) with multiple antennas serves multiple single-antenna user equipments (UEs) with half-duplex radios. Advancement in interference management is in demand to handle an even more severe case compared to single-cell scenario, as FD in multi-cell incurs additional BS-BS and UE-UE interferences. To this end, we propose a coordinated beamfroming (BF) at the BSs that maximizes a weighted sum rate subject to per-BS power constraint and BS-BS interference power constraints, with UE-UE interference handled by a pre-scheduling process. By converting the original non-convex problem into an auxiliary convex optimization, we can obtain the optimal BF vectors in closed-form. By utilizing an important feature of the optimal solution that naturally leads to a distributed implementation, we develop a low-complexity distributed BF approach, which only requires local channel state information. Simulation results demonstrate the performance of the proposed coordinated BF scheme, and reveal that the overall FD gains can be achieved despite the additional interferences introduced in the FD enabled cellulars.
I. INTRODUCTION
Full duplex (FD) wireless communication has been regarded as a promising solution for future wireless communications to significantly improve network capacity [1] - [5] . The FD principle enables simultaneous transmission and reception on the same frequency band, and thus can potentially double the spectral efficiency compared with that in half duplex (HD) communication [5] . To promote the implementation of FD communication, existing works have developed self-interference (SI) cancellations, i.e., suppressing the co-channel interference leaked from the transmit antenna (TX) of an FD node to its receive antenna (RX), such as propagation-domain suppression [3] , analog cancellation [4] and digital cancellation [6] , to reduce SI to a sufficiently low level. Feasibility of a point-to-point FD radio has also been independently validated by many research groups [2] , [7] - [9] .
However, to exploit the promised FD gains in wireless cellulars, not only SI but also additional interferences incurred by an increasing number of simultaneous co-channel links have to be addressed. In addition to the regular co-channel interferences in a HD system, namely base station (BS) to user equipment (UE) and UE to BS interference, there are two unique interferences caused by FD operation [2] : (1) BS-BS interference, i.e., neighboring BSs' downlink (DL) co-channel signals interfere with the desired uplink (UL) signal at home BS; (2) UE-UE interference, i.e., UL UEs' signals cause co-channel interference to adjacent DL UEs.
Consider a multi-cell scenario, where each BS is equipped with multiple antennas and operates in FD mode while remote DL and UL UEs are all with single-antenna HD radios. Within each cell, simultaneous multiple UL and DL data transmissions can be achieved as the intra-cell interference can be well handled via spatial multiplexing, i.e., intracell beamforming (BF) [10] . However, when the intra-cell BF vectors are respectively and independently determined, extremely severe BS-BS interferences may be caused in the UL transmissions due to: (1) unlike UE-BS channel, BS-BS channel is closer to line-of-sight (LoS) channel experiencing a much lower path loss [11] ; (2) the transmit power and antenna gain at BS is much larger than those at UEs. It is therefore desired to suppress the BS-BS interference as well the conventional co-channel interference via a coordination of BF vectors in different BSs. Moreover, limited by the simple transceiver and single antenna at each UE, neither transmit nor receive BF at UE is achievable to handle the UE-UE interference. It thus requires joint user scheduling among multiple cells to reduce frequency reuse among adjacent UEs.
Existing works have proposed several methods to handle the increased interference in FD MIMO cellulars [11] - [13] . Choi and Shirani-Mehr [11] suggest to use a planar antenna array at each BS to simply creating nulls at the vicinity of 90 • in elevation angle, such that BS-BS interference can be avoided assuming BSs' antennas are deployed at similar altitudes. However, this method is only effective when there is solely LoS channels between the BSs. In [12] , Bai and Sabharwal exploit assumptive massive antenna arrays at FD BSs to manage the increased interference. However, they only consider conjugate BF without BS coordination, whose performance may suffer from severe BS-BS interference and conventional inter-cell interference in practical FD cellular system with small-to-moderate number of antennas available at each BS. In addition, Khojastepour [13] study the degrees of freedom region of a FD cellular system when the BSs have full coordination. They convert the problem into a network MIMO problem that allows the use of interference alignment to achieve the highest possible degrees of freedom. However, network MIMO comes at a cost of global coordination, i.e., data streams in different cells intended for different UEs need to be shared among all BSs, which is challenging to implement in practice.
In this paper, we study the interference management of FD MIMO multi-cell system from a more practical perspective. Specifically, we consider a practical scenario where each FD BS is typically equipped with several to tens of antennas [14] , and more realistic channel models [15] are considered where the BS-BS interference cannot be avoided by naive null BF. In such a network, the UL and DL transmission interfere with each other due to the residual SI, the BS-BS interference and the UE-UE interference, which makes the design of DL beamformer and UL combiner coupled with each other and very complex to solve [16] . Fortunately, we find that once the UE-UE interference has been managed by a pre-scheduling process, the UL and DL can be partially decoupled. Consequently, we can derive the optimal UL combing vector and formulate an optimization problem (OP) that finds the optimal DL beamformer to maximize a weighted DL sum rate subject to per-BS power constraint and BS-BS interference power constraints. To handle this non-convex OP, we utilize the duality between the problem of sum rate maximization with power constraint and that of power minimization with SINR constraint, and convert the original non-convex OP into a convex one, whose solution is then obtained in closed-form using Lagrange multiplier theory. Furthermore, in the case where the sets of UEs served by different BSs are disjoint, the optimal solution can be implemented distributively with only local channel sate information (CSI). Consequently, we propose a low-complexity distributed coordinated BF scheme, and thus effectively fulfill the goal of interference management.
In contrast to the complex method which requires global coordination in [13] , in the proposed scheme each BS autonomously coordinates its transmit BF vectors such that the desired signal power and the interference leaked to the adjacent BSs and other DL UEs are well balanced, and the BS-BS interference is suppressed by a combination of transmit BF at the home BS and interference rejection combing at the victim BS. The main contribution of this work are as follows.
• We propose a general model to characterize the UL and DL signal-to-interference-and-noise ratio (SINR) in the FD multi-user (MU) MIMO multi-cell system with BS coordination, where each BS, only serving the DL UEs associated with it, is responsible for the interference caused to the adjacent BSs and the other DL UEs within its signal range. Practical constraints such as imperfect self-interference cancellation (SIC) are considered in the modeling.
• We reveal the coupled nature of the design of DL beamformer and UL combiner in FD multi-cell system, and show that they can be partially decoupled by introducing joint UE scheduling among BSs to suppressed the UE-UE interference. Based on it, we derive the optimal UL combing vectors at the BSs, then formulate determination of the coordinated DL BF vectors as a non-convex optimization problem (P1).
• The non-convex optimization (P1) is converted into an auxiliary convex optimization (P2) based on the duality between the problem of sum rate maximization with power constraint and that of power minimization with SINR constraints. The optimal solution to (P2) is derived, whereby the optimal DL BF vectors are obtained in closed form expression with some real-valued parameters to be determined. We then propose a low-complexity distributed BF scheme based on the optimal BF vectors.
• We numerically evaluate the performance of the proposed coordinated BF approach. The numerical results show that FD cellulars can achieve significant spectral efficiency gain by the proposed scheme compared with that without BS coordination. In addition, the overall FD gains can be achieved by the proposed scheme despite the increased interferences introduced by FD operation.
The remainder of this paper is organized as follows. We introduce a model of FD MU-MIMO multi-cell system in Section II. Problem formulation of both the UL and DL BF optimization is presented in Section III. In Section IV, we convert the original optimization into an auxiliary convex OP and derive the optimal solution with DL BF vectors. In Section V we propose a distributed implementation of the coordinated BF scheme. Section VI provides simulation results and analyses. Section VII concludes the work.
Notation: Lower-(x) and upper-case (X ) bold letters denote vectors and matrices with x(i) and X (i, j) implying the i-th and (i, j)-th entries of x and X , respectively. X is the Frobenius norm of X and |X | is its determinant. I N is the size-N identity matrix. The trace, transpose, and conjugate transpose operators are indicated by tr(·), (·) T , and (·) * , respectively. CN (m, R) stands for the circular symmetric complex Gaussian distribution with mean m and covariance matrix R.
II. MODEL OF FD MU-MIMO MULTI-CELL SYSTEM
In a considered multi-cell scenario shown in Fig. 1 In a cell j, we assume N j antennas for BS j to serve UEs. Let D u,j and D d,j respectively denote the set of UL UEs and that of DL UEs served by BS j. In terms of interference, we denote the set of all DL UEs that receive interference from BS j as C d,j ⊂K, which includes the served UEs in D d,j and the DL UEs in other cells which are within the signal range of BS j, thus D d,j ⊂C d,j . Moreover, we assume that BS j has channel estimations of all the DL UEs in C d,j . Similarly, the set of all BSs that receive interference from UUE m is denoted by C u,m ⊂J , and all these BSs are assumed to have channel estimations of UUE m.
In this work, practical considerations on the FD radio chains including non-ideal power amplifier, oscillator phase noise, non-ideal analog-to-digital converter and digital-toanalog converter, are captured by the dynamic range model introduced in [6] and [17] . The dynamic range model approximates imperfect FD transmit radio chain as an additive white Gaussian "transmitter noise" added to each transmit antenna. The variance of the transmitter noise is ( 1) times the power of the transmit signals, where is the dynamic range parameter. The FD transmitter noise will propagate through the SI channel and cannot be mitigated by digital SI cancellation, since the receiver cannot reconstruct it at baseband [9] . Therefore, the transmitter noise will become nontrivial compared with the receiver thermal noise. However, the effect of transmitter noise that propagates over the UL/DL channels will experience the large scale fading, and can be ignored compared with the receiver thermal noise [17] .
A. DOWNLINK
The DL channel from BS j to DUE k is denoted by h d,jk ∈C N j ×1 . The collective channel from all BSs is denoted by
where N = j∈J N j is the total number of all DL transmit antennas. Generally, only certain channel elements in h d,k will carry data and/or nonnegligible interference. These elements can be selected by the diagonal matrices
where 
where
represents the collective transmit signal from all BSs, with x d,i ∈C denoting the data symbol to DUE i, which follows CN (0, 1), and v i ∈C N ×1 representing the precoding vector for DUE i. In addition, g jk ∈C denotes the UE-UE interference channel from UUE j to DUE k and follows CN (0, β jk ); p u,j and x u,j ∈C represent the transmit power and UL data symbol of UUE j, respectively, and we assume x u,j ∼CN (0, 1). The receiver thermal noise is denoted by n d,k , which follows CN (0, σ 2 d,k ).
B. UPLINK
The UL channel from UUE i to BS j is denoted by
channel elements in h u,i will carry data and/or nontrivial interference. These can be selected by the diagnol matrices
All the BSs operate in FD mode, and the UL signal received by BS j is denoted by y u,j ∈ C N j ×1 . The collective received signal at all BSs is
and can be expressed as:
where V CI ∈C N ×N represents the collective BS-BS crossinterference channel, V SI ∈C N ×N denotes the collective SI channel, and they are respectively defined as
where V ij ∈C N j ×N i represents the cross-interference channel from BS i to BS j, and V jj ∈C N j ×N j denotes the SI channel for BS j. In addition, the imperfect FD transmit front-end chain is modeled as transmit noise e bs,j ∈C N j ×1 added to the transmit antennas at BS j. e bs,j will propagate over the SI channel V jj and follows CN (0, p d,j /N j I N j ) assuming equal power allocation among transmit antennas, with p d,j denoting the transmit power of BS j. The collective transmit noise vector at all BSs is e bs =[e T bs,1 · · · e T bs,2 ] T ∈C N ×1 . The receiver thermal noise at BS j is denoted by n u,j , which contains i.i.d CN (0, σ 2 u,j ) entries, and
represents the collective receiver thermal noise at all BSs.
Each FD BS performs SI cancellation based on its SI CSI and its own DL signal. Hence after SI cancellation, the collective UL signal in (11) can be expressed as
where z u =V SI e bs +n u represents the aggregate effect of transmit and receive noise, and we have z u ∼CN (0, Z u ) with Z u given by
where the j-th diagonal element is given by
Based on the collective UL signalȳ u after SI cancellation in (13), we apply a linear combing vector w m ∈C N ×1 to obtain the UL signal of UUE m. In the considered multi-cell scenario, only a number of elements inȳ u , i.e., the UL signal received by the serving BS of UUE m, will be utilized to detect its transmitted data. These elements can be selected by D u,m in (7), thus the signal for UUE m, denoted by y u,m ∈C, can be expressed as
C. POWER CONSTRAINTS
The power resources available for transmission at each FD BS are bounded to protect the dynamic range of transmit power amplifiers. More importantly, the transmit power of a FD BS should be constrained in order to preserve the effectiveness of SIC [8] , [9] . Therefore, we assume that the transmit power of BS j is bounded by P d,j . Based on the transmit signal given in (6), the per-BS power constraints can be expressed as
In addition, recent researches have revealed that the UL is the bottleneck for FD multi-cell operation due to the overwhelming BS-BS interference [18] . If each FD BS is equipped with an antenna array, the BS-BS interference can be suppressed either by BF at the transmit BS, or by interference rejection combing at the victim BS. However, since the transmit power of a FD BS is notably higher than the power of the desired incoming signal at the victim BS, it is reasonable to set a power constraint on the BS-BS interference imposed at the victim BS antennas before interference rejection combing. Let the collective BS-BS interference at all BSs be denoted by I CI ∈C N ×1 , which is the second term on the right hand side of (13) and can be rewritten as
Similar to the per-BS power constraints in (17) , the BS-BS interference power constraints at each BS can be written as
with j given in (19) .
III. PROBLEM FORMULATION
For both the DL and UL signals, we adopt the assumption of single-user detection (SUD) [19] , which means that receivers treat interference as noise (i.e., not attempting to decode and subtract interference). Based on the DL signal given in (5), the SINR for DUE k is given by
where we model receiver noise and the interference from other UL UEs as Gaussian noise δ 2 d,k based on the assumption of SUD [19] , with δ 2 d,k given by
Consequently, the SINR given in (23) serves as a lower bound for the performance achieved by DUE k [19] . Similarly, based on the UL signal given in (16), we can obtain the SINR for UUE m under SUD, which is given in formula (25) , as shown at the bottom of this page. Consequently, the spectral efficiency of each UE is log 2 (1+SINR). In a multi-cell system, each UE typically has its own requirement on spectral efficiency. Considering this, we design a system utility function, denoted by f , to characterize the system performance, which is in the form of weighted sum rate:
where the weighting factors satisfy α k , β m ∈[0, 1], ∀k, m and
It can be observed from (26) that the DL and UL performance of the FD multi-cell system are coupled, which actually results from the UE-UE interference caused by UL transmission to the DL receiver, and the SI and BS-BS interference caused by BS DL signal to UL receiver. This coupled nature complicates the system design and generally requires an iterative search algorithm to identify the DL beamformer and UL combiner [16] . However, the iteration may not be sufficient to obtain the optimal solution within the coherence time of the wireless channel in realistic settings [20] .
On the other hand, the sum power of UE-UE interference experienced by DUE k is calculated as (24), which depends on the UL transmission power p u,j and the variance of the UE-UE interference channel β jk . Since the DL UE only has a single antenna, it does not have extra spatial degree of freedom to perform interference rejection combing.
Fortunately, since the strength of UE-UE interference depends on locations of the UEs, we can separate the co-channel DL and UL UEs to diminish the UE-UE interference via an intelligent user scheduling scheme proposed in [21] . We assume that all UL UEs transmit at full power, i.e., p u,m =P u , ∀m∈M, and that the UE-UE interference is well managed by the scheduling algorithm [21] .
Another benefit by the UE scheduling is that the design of DL beamformer and UL combiner can be partially decoupled. Specifically, once the optimal DL beamformers v * k , ∀k∈K are obtained, the optimal UL combiner w * m can be obtained by maximizing SINR u,m in (25):
The above problem is the maximization of a generalized Rayleigh quotient, and its solution can be expressed as [22] 
where B m ∈C N ×N is given by
and the optimal SINR * u,m is given by SINR *
VOLUME 6, 2018
After the pre-operation of UE scheduling, the interference management problem is reduced to optimizing the transmit beamformers at the FD BS to maximize the weighted sum DL spectral efficiency, subjected to the per-BS power constraint in (17) and the BS-BS interference power constraint in (21) . Specifically, we can formulate the beamformer OP as follows:
However, OP P1 is non-convex, making it very challenging to design numerical searching algorithms with global convergence [23] .The main cause to the non-convexity lies in SINR d,k in the utility function f d which are nonconvex functions of the BF vectors v 1 , . . . , v K d .
IV. AUXILIARY OPTIMIZATION TO OBTAIN THE OPTIMAL BF VECTORS
In this section, an auxiliary OP is designed to obtain some insights into the structure of the optimal solution to non-convex OP P1. Specifically, consider the case when the system designer knows exactly what performance should be achieved at each DL UE, and the goal is to guarantee SINR d,k ≥γ k based on given quality of service (QoS) requirements γ 1 >0, . . . , γ K d >0. We then formulate a power minimization problem under QoS requirements as:
The reformulation of the sum rate maximization P1 into a power minimization under QoS requirements P2 is inspired by a similar strategy adopted in [25] . The power constraints of OP P2 are slightly slacked from that of OP P1, since we accept η>1 which means using more power than actually available. In other words, the optimal solution {v * k }, η * to OP P2 only satisfies the original power constraints in OP P1 if η * ≤1.
Lemma 1:
If the optimal SINR series, i.e. SINR * d,k for each DUE k, according to the optimal solution to OP P1 are used as QoS requirements γ k in OP P2, the optimal solution {v * k }, η * to OP P2 satisfies η * =1 and {v * k } are also optimal to OP P1.
Proof: See Appendix A. Most importantly, OP P2 is convex, which can be proofed by: firstly, the utility function is linear and the power constraints and BS-BS interference constraints are second-order cone constraints, which are convex [22] ; secondly, the work in [24] showed that the SINR target constraints of the type in OP P2 can be transformed into a second-order-cone constraint. This crucial observation enables attempts to solve OP P2 via convex optimization.
However, the precondition to OP P2 is that the system designer must provide the optimal SINR values SINR * d,k , ∀k∈K, which are generally unknown before solving the original problem OP P1. Fortunately, based on the convexity of OP P2, we can use the Lagrange multiplier theory to investigate the properties of the optimal solution. The main results are given in the following proposition.
Theorem 1: If v * k , ∀k∈K and η * are the optimal solution to OP P2, v * k can always be written in the following form as:
where p k >0 representing the allocated power for DUE k, and the parameters µ j ≥0, ν j ≥0, λ i ≥0, ∀j∈J , i∈K satisfy
As proofed in Lemma 1, the connection between OP P1 and OP P2 implies that the optimal BF vectors for OP P1 are also given by Proposition 1, which is summarized in the following corollary:
Corollary 1: The optimal BF for OP P1 can be achieved by (32) with η * =1. The above analysis reveals that the optimal BF directions are achieved by rotating the channel direction D H d,k h d,k using a matrix † k . In addition, the obtained optimal solution has an elegant expression with some nonnegative parameters {µ j }, {ν j }, {λ i } to be determined. The selection of these parameters will be solved in Section V.
V. LOW-COMPLEXITY DISTRIBUTED IMPLEMENTATION
The optimal BF vectors obtained in Section IV is derived in a generalized multi-cell system model. In other words, the FD multi-cell system model in Section II can be used to describe and analyze a variety of multi-cell scenarios, including network MIMO [13] and coordinated BF, which are detailed as follows: 1) Network MIMO: All BSs operate as a giant MIMO cell and serve all UEs, meaning that the selection matrices
2) Coordinated BF: Each BS has a disjoint set of UEs to serve, but selects BF vectors jointly with all other BSs to reduce BS-BS interference and conventional inter-cell interference. Let j k (resp. j m ) denote the index of BS that serves DUE k (resp. UUE m), then the selection matrices D d,k and D u,m can be respectively written as
As discussed in Section I, network MIMO requires global coordination and is challenging to implement in practical system, thus we focus on coordinated BF in this work. In the coordinated BF scenario, the optimal DL BF vectors and UL combing vectors are respectively given by the following propositions.
Theorem 2: In the coordinated BF scenario, the optimal DL BF vectors in (32) can be further written as
with p j k k ≥0 denoting the power allocated by BS j k for transmission to DUE k. In addition, given {µ j }, {ν j } and {λ i }, each BS can distributively calculate the optimal BF vectors for its served DL UEs based on local CSI. Proof: See Appendix C. 
with Z j m given in (15) and Z CI ,j m given by
In addition, each BS can distributively calculate the optimal combing vectors for its served UL UEs based on local CSI. Proof: See Appendix D. Proposition 2 and Proposition 3 show that each BS only requires local CSI to determine its optimal DL BF vectors and UL combing vectors. In other words, the optimal BF solution naturally leads to a distributed implementation in the coordinated BF scenario, which is a desired feature for practical system design.
To obtain the DL BF vectors in Proposition 2, we still have to determine several parameters: 1) the BS-BS interference power constraint P CI ,j ; 2) the Lagrange multipliers {µ j }, {ν j }, {λ i }; 3) the allocated power to each DL UE p jk . However, it is hard to obtain the optimal value for P CI ,j theoretically. Moreover, finding the optimal parameter values for {µ j }, {ν j }, {λ i } and p jk is equivalent to solving the original non-convex OP P1, which will result in high computational complexity. Based on these observations, we will examine the physical meaning of these parameters, and propose low-complexity heuristic parameter selection methods to determine their values.
A. POWER CONSTRAINTS SELECTION
The transmit power constraint P d,j of BS j can be practically determined under two principles: (1) to protect the dynamic range of transmit power amplifiers; (2) to preserve the effectiveness of SIC [8] , [9] . Thus we focus on the selection of the BS-BS interference power constraint P CI ,j . By definition, P CI ,j is the maximum BS-BS interference power experienced by BS j before interference rejection combing. Therefore, P CI ,j controls the balance between suppressing the BS-BS interference through BF at the other transmit BSs, and through interference rejection combing at the victim BS j. To see the impact of P CI ,j more clearly, we first assume that P CI ,j =+∞, which means we design the transmit BF vectors without considering how much BS-BS interference is caused to the other BSs. Then the optimal BF directions given by (35) are independent of the BS-BS interference channels as expected, and it all relies on the optimal receive BF given by (37) to suppress the resulted BS-BS interference.
On the other hand, if we assume that P CI ,j =σ 2 u,j , which means that the BS-BS interference power experienced by the antennas of BS j before receive combing should not exceed its receive thermal noise, then the optimal BF directions given by (35) can be equally expressed asv * j k k =g(¯ −1
We assume that rank{G j k }=r, and we use UAU H =G j k to denote the eigen decomposition. Let θ i be the ith largest eigenvalue and u m be the corresponding eigenvector, then we VOLUME 6, 2018
If r<N j k , then in the high-SNR regime, i.e., as P d,j k →∞, we havev j k k →g (
, which means that the optimal BF direction in the high-SNR regime is achieved by projecting h d,j k k onto the null space of G j k .
In other words, if we set a stringent BS-BS interference power constraint in designing the transmit BF vectors (e.g., P CI ,j =δ 2 u,j ), the optimal BF solution in (35) will behave like a zero-forcing (ZF) BF in the high-SINR regime. In this case, the transmit BF vectors mitigate all the BS-BS interference, and the receive combing vectors in (37) only need to suppress the inter-user interference from other UL UEs. In practical system design, the optimal value of P * CI ,j 1 lies between δ 2 u,j and +∞, in order to strike a balance between suppressing the BS-BS interference by transmit BF in the DL and by receive combing in the UL.
B. LAGRANGE MULTIPLIERS SELECTION
The Lagrange multipliers µ j and ν j describe the relative importance of enforcing the power constraint at BS j and the BS-BS interference power constraint experienced by BS j, respectively. Therefore, in a symmetric case where each BS serves the same number of UEs and thus has the same priority, it is reasonable set the same µ j and ν j for all BSs. Since Proposition 1 has proven that K b j=1 (µ j +ν j )=1, we therefore select
That is, we set the same relative importance of enforcing the power constraint at BS j and the BS-BS interference power constraint experienced by BS j, ∀j∈J . On the other hand, the parameter λ i describes the relative importance of meeting the SINR target of DUE i in OP P2, thus it essentially describes the user priorities. Note that OP P1 takes the weighted sum rate as the system utility function, thus the weighting factors α i are the best priority indicators available in the problem formulation. Therefore, it makes sense to select
(43)
C. POWER ALLOCATION
Inspired by the fact that the optimal DL BF vector behaves like ZF BF in the high SNR regime, we formulate a heuristic 1 As It is hard to obtain P * CI ,j theoretically, we intuitively set P * CI ,j to be 20 dB higher than σ 2 u,j , which means that the BS receive antennas will experience an overall BS-BS interference no more than 20dB above its thermal noise, and then suppress it with interference rejection combing.
power allocation problem at BS j as follows P3 : max
where all inter-user interference has been ignored. This approximation is reasonable in the high-SNR regime, sincē v * jk will be similar to ZF BF. It also makes sense in the low-SNR regime, because then noise term dominates the inter-user interference. The power allocation problem P3 can be solved by standard Lagrangian methods, which leads to a water-filling power allocation
where τ j >0 is selected to satisfy the power constraint with equality.
VI. SIMULATION RESULTS
In this section, we present numerical simulations under the 3GPP LTE specifications for small cell deployments to evaluate the system performance [15] . Small cells are considered because the coverage of a FD system is more likely to be within a small-cell communication range based on the stateof-art SI cancellation capability [14] . All the small-cell BSs have FD capability with multiple antennas, and the BSs have the same transmit power constraint P d,j =P d , ∀j∈J . Each BS serves five UL UEs and five DL UEs, which are equipped with single-antenna HD radios and uniformly and randomly dropped within a radius of 40 meters of the BS. In addition, we assume each BS coordinates interference to all UEs, i.e., C d,k =C u,m =I N , ∀k∈K, m∈M. For illustration purpose, we assume equal user priorities, thus the weighting factors in (26) are given by
The large-scale fading models for BS-UE, BS-BS and UE-UE channels which include path loss and shadowing effect follow the 3GPP model in [15] . The SI channel model is based on the existing experiment data given in [2] , where the propagation loss of the SI channel in a separate-antenna FD node includes antenna isolation and analog cancellation [3] , and in a shared-antenna system includes isolation using a circulator and analog cancellation [9] . We assume the SI channel has a propagation loss of 40dB.
We run hundreds of random drops of UEs in each simulation. Instead of applying specific UE scheduling algorithm in the simulation, we add κ dB to the path loss of the UE-UE interference channel calculated usig the 3GPP model in [15] . Therefore, the isolation factor κ in dB represents the isolation obtained among the UL and DL UEs via the pre-scheduling phase. Detailed simulation parameters are summarized in Table 1 . 
A. BENEFITS OF COORDINATED BF
We first investigate the benefit of the proposed coordinated BF scheme in a two-cell configuration as shown in Fig. 1 . Two conventional schemes without BS coordination, i.e., with single-cell processing which designs the multi-user BF vectors as if there is only one cell in the system, are used for comparison. The first single-cell processing scheme exploits conjugate BF in both the DL and UL [12] , and the second applies transmit Wiener filter in the DL and Wiener filter in the UL [10] . In this two-cell FD network, we assume that the dynamic range −1 =75 dB, the UE-UE isolation factor κ=60 dB. with 8 antennas and the distance between the two BSs is D BS−BS =120 meters. Fig. 3 shows a similar case with D BS−BS =240 meters. It is clear from these figures that the proposed coordinated BF scheme significantly outperforms the conventional single-cell processing schemes, especially at the high transmit power range. Fig. 2 and Fig. 3 also illustrate that the performance gain due to coordinated BF is larger when D BS−BS =120 meters as compared with when D BS−BS =240 meters. Intuitively, when the distance between the two BSs is shorter, the aggregate inter-cell interference (including the conventional BS-UE, UE-BS interference, the UE-UE interference and the BS-BS interference) becomes severer, thus the benefit of the proposed coordinated BF is larger since it manages all these interferences.
To illustrate the performance gain of the proposed scheme more precisely, let R pro and R wiener denote the overall spectral efficiency (UL+DL) of the proposed scheme and the single-cell processing with Wiener filter respectively, and define the spectral efficiency gain as Fig. 4 shows the spectral efficiency gain G versus the transmit power with varying inter-BS distances. Again, each BS is equipped with 8 antennas. It is clear that the benefit of the proposed coordinated BF scheme significantly increases as the inter-BS distance decreases, especially when the transmit power is high. This is due to the fact that at high transmit powers in dense networks (i.e., with small D BS−BS ), the FD multi-cell network becomes predominantly interference limited. that the performance gain of the proposed coordinated BF becomes significantly larger when the number of antennas at each BS increases. Intuitively, when the number of antennas at each BS increases, there are more spatial dimensions available for interference suppression. Therefore, it is preferable to exploit more antennas at the BSs to obtain the benefit of the proposed coordinated BF scheme.
B. FD SPECTRAL EFFICIENCY GAIN OVER HD
To illustrate the FD spectral efficiency gain of the proposed scheme over the HD system, we further consider a four-cell network where four small cell BSs are uniformly and randomly distributed within a hexagonal region with a radius of 150 meters, subject to a minimum BS-BS distance constraint of 80 meters. The number of the served UL and DL UEs is the same as the two-cell network. In addition, each BS is equipped with 8 antennas, and the transmit power of each BS and each UL UE is P d =24 dBm and P u =23 dBm respectively.
Since the HD system also suffers from inter-cell interference in a multi-cell scenario, its performance will be degraded if there is no BS coordination. To make a fair comparison with the proposed FD coordinated BF scheme, for the HD system we applied a Distributed virtual SINR (DVSINR) strategy, which is a HD coordinated BF scheme designed in [25] . FIGURE 6. Spectral efficiency versus the UE-UE isolation factor κ of the proposed FD coordinated BF scheme and a conventional HD system also with coordinated BF for a four-cell network. Each BS is equipped with 8 antennas, the transmit power of each BS and each UL UE is P d =24 dBm and P u =23 dBm respectively and −1 =75 dB. Fig. 6 compares the spectral efficiency of the proposed FD coordinated BF scheme with a HD system under varying UE-UE isolation factors κ. Note that κ represents the UE-UE interference isolation achieved by the pre-scheduling phase in a FD system. Fig. 6 shows that the performance of the HD system is not affected by κ, which is as expected since the UL UE does not cause interference to DL UE in the HD setup. In contrast, κ significantly affects the DL performance of the FD system. As κ decreases, the FD DL suffers from severer UE-UE interference, thus its performance degrades and falls below the HD counterpart when κ<30 dB in this scenario. On the other hand, as long as κ≥60 dB, the FD DL obtains a near two-fold spectral efficiency gain over the HD counterpart. Therefore, an effective pre-scheduling phase is essential for the FD cellular network to harvest the FD gain. Fig. 7 depicts the overall spectral efficiency (DL+UL) gain of the proposed FD coordinated BF scheme for different dynamic range parameters and varying UE-UE isolation factor κ, which demonstrates the impact of imperfect SI cancellation and non-ideal UE scheduling, respectively. It shows that larger dynamic range −1 (i.e., small ) will FIGURE 7. FD spectral efficiency gain over HD system versus the dynamic range −1 with varying UE-UE isolation factor κ for a four-cell network. Each BS is equipped with 8 antennas, and the transmit power of each BS and each UL UE is P d =24 dBm and P u =23 dBm respectively. bring higher performance gain, since larger −1 means less residual SI. Once the dynamic range −1 exceeds certain threshold, there is not much impact of the residual SI on the FD performance. In addition, we again observe that a larger κ results in higher FD performance gain. Most importantly, once −1 ≥73 dB and κ≥60 dB, the spectral efficiency gain of the proposed FD coordinated BF scheme will be larger than 1.9, verifying the effectiveness of the proposed scheme to manage the increased interference in a FD enabled network.
VII. CONCLUSIONS
In this work, we have investigated the multi-cell MU-MIMO FD networks where single-antenna HD UEs are served by FD BSs with multiple antennas. The optimal coordinated BF vectors that maximize the weighted sum rate subject to per-BS power constraint and BS-BS interference power constrains have been derived in closed-form. A lowcomplexity distributed BF approach has been proposed based on an important feature of the optimal solution. The performance gain of the proposed coordinated BF over conventional schemes with single-cell signal processing has been verified by numerical simulations. Furthermore, simulation results have shown that the overall FD spectral efficiency gain can be achieved with the proposed scheme despite the increased interference introduced in the FD enabled network.
APPENDIX.
A. PROOF OF LEMMA 1 OP P2 finds BF vectors that achieve the SINR values SINR * d,k , ∀k∈K. The solution to OP P2 must satisfy the power constraints in OP P1, because OP P2 finds the BF vectors that achieve the given SINRs with minimal η * .
Since the BF vectors specified by OP P2 are feasible for OP P1 and achieve the optimal SINR values, {v * k } are also an optimal solution to OP P1.
Finally, for a generalized class of transmit BF optimization problems including OP P1, it has been proofed in [22] that every optimal solution can be achieved by a transmit strategy that satisfies at least one power constraint with equality, which implies that η * =1.
B. PROOF OF PROPOSITION 1
As mentioned above, OP P2 is convex. It is easy to verify that Slater's constraint qualification is fulfilled [22] . Therefore, strong duality holds for OP P2, and the Karush-KuhnTucker (KKT) conditions are thus necessary and sufficient for the optimal solution. Specifically, we define the Lagrangian function of OP P2 as L({v k }, {µ j }, {ν j }.{λ i }, η)
where µ j ≥0, ν j ≥0, λ i ≥0 are the Lagrange multiplier associated with the jth power constraint, the jth BS-BS interference power constraint and the ith SINR constraint, respectively. The second equivalent form is derived based on the identical
A ki , ∀A∈C K ×K and the fact that
Exploiting the KKT conditions, we have
(49) VOLUME 6, 2018 From (48) we obtain 
which is equivalent to the optimal BF vector in (32). Finally, the Lagrange dual function is
and the strong duality of OP P2 implies that it equals to the value of the cost function of OP P2 at the optimal solution, i.e.
K d k=1
λ k =η * .
C. PROOF OF PROPOSITION 2
Plugging (33) into (32) and with some matrix manipulations, we can directly get the above results. In addition, j k k is determined by the interference channel V j k j from BS j k to BS j , and the DL channel h d,j k i from BS j k to MS d,i that receive non-negligible interference from BS j k (i.e., i∈C d,j k ). Thus, once the parameters {µ j }, {ν j }, {λ i } are determined, the optimal BF directions from BS j k to its serving DL UEs can be calculated based on local CSI.
D. PROOF OF PROPOSITION 3
Plugging (34) into (28) and after some matrix manipulations, we can directly obtain the above results.
In addition, formula (15) indicates that Z j m depends on the SI channel V j m j m . Therefore, B mj m depends on the SI channel V j m j m , the BS-BS interference covariance matrix Z CI ,j m which can be estimated using pilot signals, and the UL channel h m,ij m from UUE i that causes non-negligible interference to BS j m (i.e., j m ∈C u,i ). Therefore, the optimal receive combing vectors at BS j m can also be calculated based on local CSI. Research between Princeton University and Peking University. His current interests include full-duplex communications, information theory, and signal processing. He is a pioneer of co-frequency and co-time full-duplex as found in his early patent in 2006. VOLUME 6, 2018 
